In this study we introduce a daily high-resolution land-only observational gridded data set for sea level pressure covering the European region as a new addition to the E-OBS gridded data sets of daily temperatures and precipitation amounts. This data set improves upon existing products in terms of spatial resolution and extent. The data set is delivered on the same four spatial resolutions as the other E-OBS data sets: 0.25°by 0.25°and 0.5°by 0.5°on a regular latitude-longitude grid and 0.22°by 0.22°and 0.44°by 0.44°on a rotated pole grid. We show that there is a good agreement in the long-term mean and standard deviation with popular reanalysis grids. In areas with a relatively high number of stations, the gridded data is closer to the station data than the reanalysis products. There is also a very good agreement with daily weather charts for selected storm events.
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Introduction
[2] Interpolating observational data sets to a regular grid is important for climate research as the meteorological stations are irregularly spaced. These gridded data sets allow best estimates of climate variables at locations away from observing stations and therefore allow studying climate in data sparse regions.
[3] Studies of climate change are often limited to temperature and precipitation changes, but there is a question as to whether human influence is detectable in other variables as well. For example, Gillett et al. [2003] detected an influence of anthropogenic greenhouse gases and sulphate aerosols in observations of winter sea level pressure (December to February), using combined simulations from four climate models. However, in their study they noted the substantial underestimation of the magnitude of the sea level pressure response in these models. This suggests that variations in climate model simulations of the large-scale circulation may be too small, which points to the importance of observational data sets for sea level pressure. Also, sea level pressure variability and related storminess indices are important in climate change studies [Bärring and von Storch, 2004; Hanna et al., 2008; Wang et al., 2009] .
[4] In this paper we present a European daily highresolution land-only data set of sea level pressure. This data set is provided as a new part of the E-OBS gridded data set which currently consists of precipitation and temperature (minimum, mean, and maximum) .
[5] Several sea level pressure gridded data sets are currently available, but they have either a coarser resolution (e.g., 5°by 5°using only 86 land and island stations [Ansell et al., 2006] ) or smaller spatial and/or temporal scale (e.g., monthly data sets for UK only [Perry and Hollis, 2005] ) than the one presented here. Other gridded data sets for sea level pressure are reanalysis data, such as ERA40/ERAinterim [Uppala et al., 2005] , NCEP/NCAR [Kalnay et al., 1996] and NOAA-CIRES 20th Century Reanalysis [Compo et al., 2011 [Compo et al., , 2006 . Also, none of the existing observational data sets includes error estimates.
[6] The data and method used to create the E-OBS sea level pressure grid are presented in section 2. Comparisons with reanalysis data and weather charts are given in section 3 and we end with a conclusion in section 4.
Data and Method

Data Collection and Quality
[7] The data used for the gridding comes from the European Climate Assessment and Data set (ECA&D; http://eca. knmi.nl) [Klein Tank et al., 2002; Klok and Klein Tank, 2008] for the time period 1950 to present. ECA&D is collecting station observations from currently 12 elements of over 3500 stations and is gradually expanding. These station observations are all received as daily values. Currently (October 2010), 416 of the available stations have sea level pressure series available with 147 stations having long series for at least 50 years. The location of all stations are shown in Figure 1 and the number of pressure stations used over time in Figure 2 than the number of temperature or precipitation stations (∼1500-3000 stations, respectively). However, sea level pressure is expected to be more spatially homogeneous over the area so that the number of stations needed for the gridding procedure can be less than those needed for other elements.
[8] The use of sea level pressure from a rather sparse network means that small-scale pressure systems are not captured in this data set. This handicap is obviously more severe for the sparsely sampled countries like France where the characteristic distance between stations that provide sea level pressure is ∼450 km, than for countries with a high station density like the Netherlands where this typical distance is an order of magnitude smaller at ∼40 km.
[9] Using daily averaged sea level pressure prevents a reconstruction of, e.g., moving frontal structures or secondary lows behind a moving cold front. More generally, if the typical length-scale of phenomena is much smaller than the distance these phenomena cover in a day, then the temporal resolution of the data set makes that these phenomena are not captured in the E-OBS data set.
[10] There are several different measuring intervals used by the ECA&D data providers for providing the daily values. One country determines daily mean pressure between 0000 and 0000 UT while another country determines it between 1800 and 1800 UT or even at other times. If this was the case, we made sure that the date on which the value was recorded in our time series corresponds to the day that includes the longest part of the measuring interval. For example, if a daily value was determined from 0700 UT on 1 January 1950 to 0700 UT on 2 January 1950, the data provider might have recorded this value on 2 January 1950. The longest part of this measuring interval falls actually on 1 January 1950 and therefore we have shifted this value to 1 January 1950 to have the best estimate for the daily value on 1 January 1950. Omitting this date shift will result in areas within the gridded pressure data set which will be more representative for the next day. The data quality will thus improve by this procedure. This shift was needed for less than 1% of the available pressure series.
[11] Most of these series were received as daily mean sea level pressure series. The methods used by the data providers to correct the station level pressure series to sea level pressure are unknown to ECA&D staff. Series from 112 stations in Serbia, Slovenia, Estonia, Croatia, Czech Republic, and Slovakia were received as daily mean station level pressure. These series were corrected to sea level pressure using hydrostatic balance and the equation of state, which are integrated from sea level to the height of the station. This gives
where p 0 is daily mean sea level pressure, p z is daily mean pressure at station level, z is station elevation (which we assume to be equal to the barometer altitude), g is Earth's gravity (9.80665 m s −2 ), R is the gas constant for dry air (287.058 J kg −1 K −1 ), and T is the daily mean temperature of that station in Kelvin. Note that the simplification is made of assuming that the column of air from station level to sea level is uniform at temperature T. In reality this will not be the case and the temperature will decrease with height. This means that ECA&D slightly overestimates the sea level pressure when this approach is used. As we have used a very simple model here, this bias might be seen as an upper limit of the bias of the unknown methods used by the data providers to correct station level pressure to sea level pressure. This slight bias is not included in the interpolation error.
[12] Assuming hydrostatic equilibrium in the atmosphere, ∂p/∂z = −rg, the pressure at a given level z is
Substituting the equation of state for r in the hydrostatic equation gives dp
where T is the in situ temperature at height z (actually, it is the virtual temperature (section 3.5.1 of Peixoto and Oort [1992] ). Integration of this equation from z = 0 to the level z then gives
[13] The in situ temperature at height z can be related to the temperature T 0 at sea level using vapor pressure e and air pressure p, but this requires knowledge on the vapor pressure which is not available. A simplification is introduced here, assuming a constant lapse rate l of −0.6°C per 100 m. The in situ temperature at height z is then given by
Substituting (5) into (4) gives
For an isothermal layer, l = 0, integration of equation (6) gives equation (1), the ECA&D assumption. Otherwise, this integral gives:
[14] Both values of sea level pressure have been calculated for station elevations from 0 to 1000 m and station temperatures from −10 to 30°C. Figure 3 gives the difference between the sea level pressure as calculated from equation (7) minus that from equation (1). The overestimation in ECA&D is highest for high elevations and low daily average temperatures, and only for the 112 stations for which the series were corrected by ECA&D. A histogram of the elevations of these stations is shown in Figure 4 . The majority of these stations have an elevation not exceeding 500 m.
[15] The available validated time series usually do not extend to the present time. Therefore unvalidated synoptical messages sent by the Global Telecommunication System (GTS) [WMO, 2007] are used for the most recent time period when validated data series are not yet available. Furthermore, possible gaps in the series are filled in with nearby stations as long as these are less than 25 km away and have less than 50 m height difference [Klein Tank et al., 2002; ECA&D Project Team, 2010] . The resulting blended station series are used in the gridding procedure.
[16] Basic quality control is performed on the sea level pressure series. If the daily mean sea level pressure is below 900 hPa, above 1080 hPa or repetitive (i.e., exactly the same) for 5 days or more in a row, that day is flagged as suspect and not used in the gridding procedures [ECA&D Project Team, 2010] . At present no attempts are made to correct suspect data. Currently, no homogeneity checks or corrections are made for pressure data in the gridded data set. About 75% of the stations that have 80% nonmissing sea level pressure data for the period 1950-2010 are classified as useful. The inhomogeneous stations are mainly located in Spain and the Balkan Peninsula. Homogeneity checks for all E-OBS grids will be part of a future version of E-OBS.
Gridding Procedure
[17] Several interpolation methods are compared for temperature, precipitation and sea level pressure by Hofstra et al. [2008] . Their analysis concludes that the method which involves kriging using a geographically independent variogram is the best interpolation method for the E-OBS data set VAN for all currently used parameters including sea level pressure. The gridding procedures are described in detail by Haylock et al. [2008] ; therefore we only give a brief summary here.
[18] Kriging involves solving a set of linear equations to minimize the variance of the observations around the interpolating surface. This least squares problem therefore assumes that the station data being interpolated are homogeneous in space. This is not the case when we have stations across Europe from many climate zones. The daily data therefore need to be made homogeneous across the region.
[19] This problem was addressed by adopting a threestep methodology of interpolating the daily data: interpolating the monthly mean using thin-plate splines to define the underlying spatial structure of the data, kriging the daily anomalies with regard to the monthly mean, and applying the interpolated daily anomaly to the interpolated monthly mean to create the final result. This is similar to universal kriging [Journel and Huijbregts, 1978] , where a polynomial is fit to the underlying spatial trend. In such a large and complex region as Europe, thin plate splines are a more appropriate method for trend estimation than polynomials. For monthly mean sea level pressure we used twodimensional splines as sea level pressure is not dependent on station elevation. [20] The observations were first interpolated to a highresolution 0.1°by 0.1°rotated pole mastergrid, with the "North Pole" at 162°W, 39.25°N. A rotated pole grid was chosen so as to allow quasi-equal area grid spacing over the European region. This enabled the largest spatial coverage with the minimum number of interpolated grid squares to increase computational efficiency. Using an unrotated grid would have resulted in a higher grid density in the north of the region compared to the south. The rotated pole was chosen to match the grid used by many of the RCMs used in, for example, the ENSEMBLES project [van der Linden and Mitchell, 2009, and references therein]. This mastergrid (Figures 5a, 5c , and 5e) and standard deviation of the series (Figure 5b, 5d , and 5f). Please note the adjusted color range for Figure 5e . VAN [21] The E-OBS gridded data set also includes an estimate of the interpolation uncertainty. For the monthly uncertainty, we used the uncertainty determined by interpolating the monthly climatology (from all available years) and applied this to all years because of computational constraints. The method of addressing uncertainty is based on the premise that we would expect higher uncertainty at an interpolated point when the neighbors are more variable. When neighbors are similar, one would expect less uncertainty. We applied the method of Yamamoto [2000] to every grid point for every day to arrive at the standard error for the daily anomaly. The final uncertainty at a grid point was calculated by combining the uncertainties from the monthly climatology and the daily anomaly in quadrature, i.e., the square root of the sum of the squares of the two uncertainties. For more information on the calculation of the uncertainties, we refer to Haylock et al. [2008] .
Comparison With Other Data Sets
Reanalysis Data Sets
[22] To check the results of our gridding procedure, we compared our gridded data set with other existing data sets. The only data sets with a spatial coverage that matches ours are reanalysis products. The reanalysis sea level pressure grids cover at least the European area and have a resolution between 1.5°by 1.5°and 2.5°by 2.5°. As this resolution is still considerably coarser than the ones for the E-OBS grid, we averaged our 0.1°by 0.1°mastergrid to the same resolution as each of the reanalysis grids.
[23] The ERA-40, ERA-interim [Uppala et al., 2005] , and 20th Century Reanalysis version 2 grids [Compo et al., 2011 [Compo et al., , 2006 are available as four times per day (0000, 0600, 1200, 1800 UTC). These four daily values were averaged to compute daily means. The NCEP/NCAR grid [Kalnay et al., 1996] was already available as daily means. For the 20th Century Reanalysis we used the ensemble mean.
[24] Motivated by the fact that the common period of these data sets is from 1 January 1989 to 31 December 2001, we limit the comparison between the E-OBS sea level pressure grid and the reanalysis grids to this period only. Using different periods in comparing the E-OBS sea level pressure grid and the reanalysis grids will influence the results of the comparisons since the lengths of these periods are vastly different.
[25] In Figure 5 the comparisons between the E-OBS sea level pressure grid and the reanalysis grids are shown. ERA-40 shows the same behavior as ERA-interim, although on a coarser grid than ERA-interim. Therefore only the comparison with ERA-interim is shown. For each grid box, the mean and standard deviation of the daily averaged maps over the chosen time period are determined. Then the grid box differences in the mean and standard deviation are taken between the E-OBS grid box and the corresponding reanalysis grid box when both data sets have nonmissing data. These differences are shown in Figure 5 . Figures 5a, [26] Figure 5 shows that NCEP/NCAR and ERA-interim show generally the same behavior for the mean pressure field. Central Europe has higher mean pressure for the E-OBS grid than for the reanalysis fields, while in other parts the pressure in the E-OBS grids is slightly lower than for the reanalysis fields. The 20th Century Reanalysis has an overall much higher mean pressure than E-OBS, up to 4 hPa or higher in large areas.
[27] Figures 5b, 5d, and 5f (for standard deviation) show how the variations in time are captured. It is seen that E-OBS has much larger variation compared to both the 20th Century Reanalysis and ERA-interim, although ERAinterim still has more variation than the 20th Century Reanalysis. E-OBS and NCEP/NCAR have about the same variations in their fields. This indicates that NCEP/NCAR is better in capturing pressure extremes in the observed day-to-day pressure fields than the other reanalysis grids.
[28] The E-OBS data set also makes the interpolation uncertainty available. This uncertainty for the period 1989-2001 using E-OBS, regridded onto the NCEP/NCAR grid, is shown in Figure 6 . Variations in the averaged interpolation error are very small, from 0.136 to 0.144 hPa. Lower values are seen over a broad band stretching from the Balkan Peninsula to northwestern Europe and coincide with areas where station density is high (Figure 1) . Higher values of the interpolation error are seen outside this band, particularly the Iberian Peninsula, most of France, southeastern Europe and northern Scandinavia, coinciding with areas where the station density is low. Although there are rough similarities between Figure 6 and Figure 5a , the amplitudes shown are an order of magnitude apart. Furthermore, the pattern in Figure 6 does not resemble the pattern of Figure 5b . This indicates that the differences between E-OBS and NCEP/NCAR (and other data sets used here) are not due to variations in the station density used for the E-OBS grid alone.
[29] The same comparison has been done for the winter period (DJF) and summer period (JJA). The standard deviation for NCEP/NCAR in winter and summer is shown in Figure 7 . While the yearly variation in NCEP/NCAR is about the same as in E-OBS (Figure 5b ), the variation in winter is less than in E-OBS and in summer it is slightly larger. For ERA-interim and 20th Century Reanalysis the variation is lower than E-OBS in both winter and summer.
[30] This shows that E-OBS verifies very well with the NCEP/NCAR and ERA data sets, and that much of the dayto-day variability in sea level pressure is present in the gridded data set, matching existing reanalysis products in this respect.
[31] In order to explain the observed differences between the E-OBS and reanalysis sea level pressure products, we show in Figure 8 the sea level pressure time series for three grid boxes in the NCEP/NCAR data set together with the same grid box in the E-OBS data set regridded onto the NCEP/NCAR grid. Station data of one station located in the grid box is added as a third element. For this comparison the NCEP/NCAR data set was chosen as this one shows the best agreement with the E-OBS data set. We chose only one station present in a grid box as a reference. Since the decorrelation length scale of sea level pressure is an order of magnitude larger than the grid size used, daily fields of sea level pressure are spatially sufficiently homogeneous to take data from one station as representative for the grid box. Here we show daily data for 1990 as an example.
[32] The differences between the grid box time series and station time series are shown in the lower parts of Figures 8a-8c. Figure 8a shows the grid box located over the Netherlands. The station density is high in this area with 22 stations in that grid box (13 covering 1989-2001) . Figure 8b shows the grid box located over southern Norway with 13 stations in the grid box (five covering 1989-2001) . The grid box located over western Spain is shown in Figure 8c with only two stations in that grid box (both covering 1989-2001) . From the difference plots, it is clear that a higher station density results in E-OBS grid box values resembling more closely the station time series. A simple conceptual model to explain this is to view station observations as the sum of the true grid box mean and an error term. A higher station density leads to a better estimate of the true grid box mean, which minimizes the expected difference between the estimate and the station observations. For NCEP/NCAR the differences with the station data are about the same in all three grid boxes, with up to 5 hPa difference on some days.
[33] Inhomogeneities in the station series might interfere with a comparison as shown in Figure 8 . The homogeneity test results from the ECA&D Web site indicate that the stations near the grid boxes in Norway and the Netherlands are considered homogeneous. The stations in Spain within the grid box of this example (Salamanca Aeropuerto and Navacerrata) are homogeneous for the period 1961-2010 (there is not enough data to determine the homogeneity tests over the period . Madrid Retiro (located further away and thus weakly influencing the value of this particular grid box) is marked as inhomogeneous for the period 1950-2010, but the break is detected in the year 1993, outside the interval shown in this example.
Weather Charts
[34] Daily sea level pressure grids and selected weather charts are compared to assess the ability of E-OBS in reproducing individual storms. The weather charts are the output of weather forecast models with sometimes a correction made by the forecast meteorologist when needed. The charts shown here were made 6 h before the time the chart was valid, e.g., a chart of 1200 UTC was produced at 0600 UTC. Two prominent storm events are highlighted here; the Christmas storms of 1999 [see, e.g., Buizza and Hollingsworth, 2002] and Xynthia of 28 February 2010 [see, e.g., Kolen et al., 2010 .
[35] We have chosen the Christmas storms of 1999 as this time period is also included in the comparison with the reanalysis grids. Figure 9a shows the weather chart of 24 December 1999 at 1200 UTC from the Royal Netherlands Meteorological Institute (KNMI). The weather chart of 25 December 1999 at 0000 UTC from http://www. wetterzentrale.de is shown in Figure 9b . The daily mean sea level pressure for 24 December 1999 from the E-OBS grid is shown in Figure 9c . The isobars are shown as thin lines in the E-OBS grid while the pressure values themselves are shown with colors. There are some differences which we would expect as the weather charts are for specific times, while the E-OBS grid shows daily mean pressure. However, the overall agreement is very good. The isobars in the gridded data set and the weather charts are aligned and have the same values. The weather charts show a low-pressure region to the north of Scotland over the Atlantic ocean. The E-OBS grid is a land-only grid, so the center of the low-pressure region is not captured. However, the pressure in E-OBS decreases toward the region north of Scotland, correctly indicating the position of the low-pressure region.
[36] Next to 24 December 1999 we have also compared the weather charts of 25 and 26 December 1999 with the E-OBS sea level pressure grids (not shown). These com- parisons also give a very good agreement between the E-OBS sea level pressure grid and the weather charts.
[37] The comparison between weather charts and E-OBS of the more recent storm Xynthia of 28 February 2010 is shown in Figure 10 . Figures 10a-10d show the weather charts of 28 February 2010 at 0000, 0600, 1200, and 1800 UTC and Figure 10e shows the E-OBS grid for 28 February 2010. On the 1200 UTC chart the center of the storm is located near the Netherlands, around the center of the track of the storm followed during this day. This is captured by the daily E-OBS grid as well, showing also in this case a very good agreement with the weather chart.
[38] Figures 9c and 10e show an unrealistically strong gradient in Southeast Europe. We relate this feature to a low station density in that region resulting in a situation where remote stations influence the gridded sea level pressure values over vast areas. This confirms the observation of Figure 8 that high station density results in the E-OBS grid 
Conclusion
[39] In this paper we introduced a land-only daily mean sea level pressure grid covering a large part of Europe as a new addition to the E-OBS gridded data sets. It is compiled from station sea level pressure series available in ECA&D for the period 1950 to present. This data set is compared with available reanalysis data sets and differences in the long-term mean and standard deviation were studied. The E-OBS grid shows a good agreement with the NCEP/NCAR reanalysis grid but a lower agreement with the ERA-40, ERA-interim and 20th Century Reanalysis version 2 grids. On a daily basis the E-OBS grids were compared with weather charts around the time of the Christmas storms in 1999 and the more recent storm Xynthia in 2010. Although the weather charts are for specific times while the E-OBS grids are daily means, there is still a very good agreement. Therefore we conclude that this new sea level pressure grid is suitable for several research areas, such as monitoring climate change or comparisons with Regional Climate Models. This study again confirms that the quality of the E-OBS gridded data is depending on the station density. We hope to increase the station density of sea level pressure stations in ECA&D in the future, thereby improving the E-OBS gridded data set, especially in terms of capturing weather patterns such as storms.
